ABSTRACT In this paper, we propose an efficient least squares estimation (LSE) of carrier frequency offset (CFO) and sampling frequency offset (SFO) in a second generation digital transmission system for cable system using orthogonal frequency division multiplexing. For this purpose, non-uniformly distributed continual pilots (CPs) are used for CFO and SFO synchronization, which are grouped into subsets to make the proposed LSE scheme unbiased. Numerical simulations are carried out to assess the performance of the proposed LSE scheme as well as to compare it against the conventional schemes fully using CPs. It has confirmed that the proposed LSE scheme works well in an unbiased fashion with a reduced complexity, compared with the conventional schemes.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) has been advocated by many wireless broadcast standards, such as digital audio broadcasting (DAB), digital radio mondiale (DRM), and digital video broadcasting-terrestrial-second generation (DVB-T2) [1] - [3] . Furthermore, OFDM has been widely used by lots of high-speed cable transmission standards, such as HomePlug AV, IEEE1901, and a second generation digital transmission system for cable system (DVB-C2) [4] - [6] . DVB-C2 has been aimed at the delivery of interactive content that demands a high bandwidth, like high definition television (HDTV) or future 3D-TV [6] . To achieve this, OFDM has been adopted as the key technology in contrast to the first generation DVB-C. In particular, highspeed cable transmission in DVB-C2 has been achieved by aid of higher quadrature amplitude modulation (QAM) and powerful channel coding [7] , [8] .
Like other wireless communication systems, OFDM has been fruitfully applied in the area of cable communications for its capability to provide high spectral efficiency as well as to cope with impairments of the cable channel [9] . However, a potential drawback of OFDM is also inherent in the cable transmission applications. A major disadvantage of OFDM is its vulnerability to carrier frequency offset (CFO) and sampling frequency offset (SFO) induced by oscillator instabilities [10] - [12] . They bring about inter-carrier interference (ICI) and inter-symbol interference (ISI), which may be very harmful to the system performance. Therefore, it is of great importance to maintain the frequency synchronization between the transmitter and the receiver in the DVB-C2 system [7] , [8] . In order to solve this issue, a maximum likelihood (ML) approach is commonly used, however, its estimation method demands too much computational burden [13] . In the literature, a number of suboptimal algorithms have been suggested for estimating the CFO and SFO with the use of dedicated pilots [14] - [21] . In [12] - [16] , the joint estimation of CFO and SFO was proposed by computing the phase difference between two consecutively transmitted pilots, which are either uniformly or symmetrically located around DC. In [9] and [10] , a reduced-complexity ML estimation for CFO and SFO was developed in a decoupled manner, which tends to be still computationally demanding to be effective in real-time implementation. Therefore, it has become a crucial challenge to develop the estimation algorithm that is not computationally expensive. In the DVB-C2 system, three kinds of pilots exist within data symbols [6] . Among them, the scattered pilots (SPs) and edge pilots (EPs) are dedicated mainly for channel estimation. The third pilot type is continual pilots (CPs) that consistently occupy the same carrier location, which are used to deal with frequency synchronization [7] , [8] . Hereafter, we restrict our study to the estimation strategy based on CPs.
In this paper, we propose an efficient least squares estimation (LSE) of CFO and the SFO for the OFDM-based DVB-C2 system utilizing CPs as pilots. In doing so, an optimal CP subset is selected to remove bias from non-uniformly distributed property of CPs. The proposed LSE scheme assisted by proper pilot subset can achieve accurate synchronization without sacrificing the computational efficiency.
The outline of the paper is as follows. Section II introduces the signal model in the DVB-C2 system using OFDM. In Section III, we briefly address the drawbacks of the conventional LSE algorithm. In Section IV, an improved LSE scheme is proposed in the DVB-C2 system using CPs. Section V presents the numerical results proving the usefulness of the proposed LSE scheme. Section VI concludes this paper.
II. SIGNAL MODEL
Let us consider an OFDM system with discrete Fourier transform (DFT) size of N points. A guard interval (GI) with a length of N g is added before the beginning of the OFDM symbol to eliminate ISI. Since the focus here is the post-DFT frequency synchronization, it is assumed that the symbol timing and coarse CFO estimation at pre-DFT stage have been perfectly compensated before the beginning of the data section. With perfect symbol synchronization, small CFO ε and SFO ξ remain during tracking mode, where ε and ξ represent the CFO and SFO normalized by the sampling rate R s , respectively.
At the receiver, the l-th received frequency-domain OFDM block in the presence of small frequency offsets can be described as [19] and [20] 
is the the magnitude attenuation incurred by frequency offsets, H l (k) is the sampled channel impulse response (CIR) corresponding to subcarrier k, X l (k) is the BPSK-modulated pilot symbol transmitted at boosted power level of 7/3,
is the zero-mean additive white Gaussian noise (AWGN) with variance σ 2 Z , and S is a set of subcarrier index for CPs. For typical values of small offsets and medium signal-tonoise ratio (SNR) conditions, α(k) ≈ 1 and the ICI term is negligible compared to the AWGN [19] , [20] .
III. CONVENTIONAL ESTIMATION SCHEME
LSE of the CFO and SFO is widely used for unknown CIR [16] - [18] , which is revisited as a reference to the proposed method. Since the CIR is constant over consecutive OFDM symbols considering a static cable channel environment, the use of the phase difference gets rid of the effect of the channel phase. The phase-difference dependent signal Y l (k) for the same subcarrier is given by
Denote arg{Y l (k)} = 2π ϕ(k)ρ+z l (k), where arg{x} returns the angle of a complex variable x andz l (k) is the appropriate noise contribution. The arguments over subcarriers are summed up to yield the principal phase angle
where N f is the full number of CPs in S. With this configuration, the estimated CFO and SFO are respectively in the formε
and
If pilot subcarriers are located symmetrically about DC, it is evident that k∈S k = 0 in (6) and (7). Unfortunately, CPs are insufficient to meet the above requirement. Under the condition that k∈S k = 0 in (6) and (7), the LSE of CFO and SFO is closely dependent each other, which justifies the need to decouple these two estimation problems. Obviously, the mean square error (MSE) of the CFO and SFO estimators can be conceptually expressed as
where σ 2 z is the variance ofz l (k). It is worthwhile to note that the last terms in the right-hand side of (8) and (9) are function of the number of CPs and their location as well as frequency offsets. Since CPs are not symmetrically and uniformly distributed around DC in the DVB-C2 standard, two last terms do not vanish as the SNR increases, thus leading to a biased estimate. In order to tackle this problem, we propose an unbiased LSE scheme in the subsequent section.
IV. PROPOSED ESTIMATION SCHEME
In this section, we reinforce the LSE of CFO and SFO to make it easier to achieve an unbiased estimate as well as perform without being computationally demanding. In doing so, a pilot subset selection is carried out such that the LSE produces an unbiased estimate with a substantial complexity reduction, compared to the conventional LSE fully using CPs. In order to verify the effectiveness of the proposed scheme, its theoretical MSE is derived
For notational simplicity, the phase angle between consecutive CPs defined in (4) and (5) can be partitioned into positive and negative parts around DC. Identically, arguments are performed on a per-subcarrier basis to produce the phase angle of the proposed LSE by
with
where S 1 is the subset of positive pilot indices whose elements are N 1 , S 2 is the subset of negative pilot indices whose elements are N 2 , and N p is the number of CPs used in the proposed LSE meeting N p = N 1 + N 2 ≤ N f . For simple description, we assume that N p is even-numbered.
In a similar way, we get
where
The aim of pilot subset selection is simultaneously to minimize S p and maximize M p defined in (11) and (13), respectively. In order for the joint LSE to be optimally unbiased, S p → 0 and M p → ∞ concurrently. To achieve this goal, our criterion selects two subsets S 1 and S 2 to meet the condition that S p = 0 in (11) . By search of all possible combinations, one can readily find that there may be more than one subset, which decouple the LSE of CFO and SFO. The best choice of subset can make the LSE to be unbiased thanks to an appropriate combination of subset and its corresponding subcarrier index.
With the use of optimal subset, the joint CFO and SFO estimates are computed aŝ
We further note that the performance of (14) primarily relies on the number of CPs used for synchronization, whileas both the number and locations of CPs have much influence on (15).
B. MSE ANALYSIS
To assess the performance of the proposed LSE, analytical MSE of (14) and (15) is derived in the AWGN channel. For simple derivation, (2) can be rewritten as
and under the high SNR assumption [22] and pilot boosting, one can safely assume that
where X Q is the imaginary part of a complex variable X andẐ l (k) =Z l (k)e −j2πϕ(k)ρ . Note that the multiplication by e −j2πϕ(k)ρ does not alter the statistics of the noise termZ l (k). If optimal subset is to be used, namely S p = 0, the error of the CFO and SFO estimate is calculated after putting (17) back into (10) and (12) 
where two subsets S 1 and S 2 allow (11) to disappear during the angle summation process in (10) and (12) . After some mathematical manipulations, we arrive at and
From (3), we obtain E{|Ẑ
, which is plugged into (20) and (21) . Therefore, the final MSE can be simply computed by
where γ = E X /σ 2 Z stands for SNR.
V. SIMULATION RESULTS
Some simulation results for verifying not only the accuracy of MSE analysis but the usefulness of the proposed LSE are provided in this section. The performance of LSE is evaluated for a 8MHz DVB-C2 system with parameters such as DFT of length N = 4096, GI of length N g = 64, CPs of length N f = 30, and the sampling time of T s = 1/R s = 7/64µs [6] . The simulations are conducted under AWGN and echo channels specified in [7] . A channel impulse response of echo channels can be described as
, N e is the number of echoes, the path gain ρ i , the path delay τ i , and the path phase θ i are defined in [7] . In the sequel, the conventional CFO and SFO estimation scheme A corresponds to (6) and (7), respectively, which fully utilizes CPs of length N f . Additionally, the reduced complexity estimation scheme studied in [20] is referred as the conventional scheme B, which is based upon observation of N o consecutive OFDM blocks. To ensure a fair comparison, the conventional and proposed LSE can be extended to N o > 2 symbols by averaging the independent estimations, which modifies (2) 
By exhaustive search over all combinations of subsets, we find that there exists at least one subset to meet the constraint that S p = 0 only for N p = 6, 12, 18, and 24. Therefore, a maximum number of CPs that enables (11) to be zero is N p = 24. Figure 1 compares the MSE performance between the conventional and proposed LSE for CFO and SFO in the AWGN channel. In this example, the proposed LSE using N p pilots is compared to the conventional LSE fully using N f pilots. For comparison purpose between the conventional scheme A and the proposed scheme, only two OFDM symbols (N o = 2) are used for CFO and SFO estimation. One can observe that the analytical results (lines) closely match with the simulation results (markers). As expected, the proposed LSE is proven to be unbiased, while the bias condition of the conventional LSE produces an irreducible error floor proportional to the amount of CFO and SFO as SNR increases. Since a maximum number of CPs to meet the condition that S p = 0 is N p = 24 < N f in the proposed LSE, it shows a slight performance gap in favour of the conventional LSE of CFO at low SNR regime. In order to overcome this problem, if exist, it is optional to search the suboptimal subset whose elements are 24 < N p < 30. A modified criterion is used to choose the subset to conform to |S p | ≤ β as well as to maximize (13) , where β is a small non-zero value as possible as. Notice that S p = −2 and S p = −22 are found for N p = 26 and N p = 28, respectively. Although there is a still marginal error floor when SNR > 40dB, which is the price to be paid for the unbiasedness of the estimates, it is negligible in low-to-medium SNR conditions when N p = 28 is used. However, increasing the number of pilots does not further improve the MSE of SFO estimate, although omitted in Fig. 1 .
The MSE performance between the conventional and proposed methods in two echo channel models is presented in Figs. 2 and 3 , respectively. Here, we consider the echo channel 1 and echo channel 2 whose maximum delay are 3.7µs and 13.7µs, respectively [7] and N o = 4 is set to a minimum length to form the conventional scheme B.
Since N g = 64 is considered, a maximum echo delay tolerance becomes 7µs. One can observe from Fig. 2 that the relative performance of the conventional and proposed schemes is similar to that described in Fig. 1. From Fig. 3 , a substantial MSE degradation incurred by longer echo delay is shown in contrast to the echo channel 1. Especially for low SNR regime, the MSE of the conventional scheme B is lower than that of the proposed LSE method at the expense of heavy computational overhead. The complexity of the estimation methods is compared with respect to the number of real floating point operations (flops). We assume that a complex multiplication is equivalent to six flops, whereas a complex addition to two flops [23] . For each estimate, the entire number of flops needed in the conventional schemes A and B are N f (8N o −7)−1 and N f (12N 2 o −13N o +98)/2+4, respectively, while the proposed LSE demands N p (8N o −7)−1 flops. When N o = 4, the number of flops used in the proposed LSE using N p = 24 is decreased by 20% and 83.2% in comparison with those of the conventional schemes A and B, respectively.
VI. CONCLUSION
In this paper, a joint LSE of CFO and SFO was proposed to improve the performance in the DVB-C2 system. In order to decouple the effects of CFO and SFO conveniently, a way of selecting pilot subset has been presented. The properly chosen pilot subset was then incorporated in the estimation of a linear combination of the CFO and SFO at each pilot subcarrier. It has confirmed by numerical analysis that the proposed LSE scheme using optimally selected pilot subset is robust against the amount of frequency offsets, which is less computationally demanding, when compared to the conventional schemes fully using pilots.
